Objective: Increasing evidence suggests that cerebellar damage impacts on cognitive functions. Frontotemporal dementias (FTDs) are neurodegenerative brain conditions, primarily affecting the frontal and/or temporal lobe. Three main phenotypes are recognized, each with a distinct clinical and cognitive profile: behavioral-variant FTD (bvFTD), semantic dementia (SD), and progressive nonfluent aphasia (PNFA). The severity of cerebellar changes and their relation to cognition in FTD, however, remain unclear. This study aimed to establish cerebellar gray matter changes on magnetic resonance imaging (MRI) and their relation to profiles of cognitive deficits in FTD subtypes. Methods: Ninety-six FTD patients (45 bvFTD, 28 SD, and 23 PNFA), meeting current clinical diagnostic criteria, and 35 age-, sex-, and education-matched controls underwent brain MRI and cognitive assessment. Cerebral and cerebellar gray matter integrity were investigated using voxel-based morphometry. Results: Compared with controls, widespread bilateral cerebellar changes were observed in all FTD subtypes, with the greatest atrophy present in bvFTD. Significant associations were found between cerebellar integrity and cognitive performance in attention and working memory in bvFTD, visuospatial function in SD, and language-motor function in PNFA. Bilateral atrophy of crus and lobule VI were most commonly associated with cognitive deficits, irrespective of FTD phenotype. Interpretation: This study is the first to identify distinct patterns of cerebellar atrophy across FTD syndromes, which in turn relate to discrete cognitive dysfunctions, after accounting for the effect of cerebral atrophy. These findings extend our understanding of the cerebellum and point to its involvement across an array of processes beyond the domain of motor function.
comprehension, 23 whereas PNFA presents with impaired speech production and/or apraxia of speech but with spared single-word comprehension and object knowledge. 23 Cerebellar changes in FTD have been inconsistently identified. Right cerebellar hypometabolism was first reported in a mixed sample of FTD 24 and in a case of SD. 25 Often, however, the presence of structural or functional changes in the cerebellum has been ignored. 26, 27 The discovery of the C9orf72 gene expansion, 28 ,29 now considered the most common genetic cause for FTD and amyotrophic lateral sclerosis (ALS), [30] [31] [32] has led to a renewed interest in the cerebellum in FTD. This is due to the reporting of greater structural and functional cerebellar abnormalities in individuals harboring the C9orf72 gene expansion, compared to sporadic (ie, nongenetic) cases. 30, [33] [34] [35] Among genetic forms of FTD, cerebellar changes appear to be more pronounced in cases with C9orf72 gene abnormalities, compared with cases with MAPT and GRN mutations. 35, 36 Comprehensive and systematic quantification and comparisons of the patterns of cerebellar atrophy and their relations to cognitive performance across the FTD subtypes is currently lacking. A recent meta-analysis reported cerebellar atrophy in a number of neurodegenerative disorders including bvFTD, atrophy that was disease specific. 37 Although patterns of cerebellar atrophy have also been reported across bvFTD, SD, and PNFA, these findings were supported by a liberal statistical threshold. 38 Finally, only one study, 8 which focused on the overlap between ALS and FTD, has investigated the associations between cerebellar atrophy and cognitive performance in FTD to date. This study comprised only one subtype of FTD (bvFTD) and again with imaging results using lenient statistical thresholds. Whether the involvement of cerebellar substructures translates into distinct clinical manifestations in the 3 FTD syndromes is yet to be elucidated. Here, we aimed to establish changes in cerebellar gray matter integrity in bvFTD, SD, and PNFA and their associations with the main cognitive domains. Based on the current literature, we predicted that: (1) FTD syndromes would exhibit regional differences in the pattern of cerebellar gray matter integrity changes and (2) common and distinct cerebellar subregions would be differentially associated with the clinical profiles across FTD subtypes. ). In addition, emotion processing was assessed with the FaceMatching, Emotion-Matching, and Emotion-Selection tasks from the Face and Emotion Processing Battery. 51, 52 Disease severity was assessed with the Frontotemporal Dementia Rating Scale (FRS). 53 Raw scores were converted into z scores to enable comparisons across measures. In addition, where relevant, mean (composite) scores were derived for the cognitive domains with multiple scores. The All data were analyzed using SPSS Statistics, version 24.0 (IBM, Armonk, NY). Demographic variables (ie, age, education, disease duration, ACE, and FRS) and neuropsychological performance were examined using 1-way analysis of variance (ANOVA) followed by Sidak post hoc tests. Categorical variables (ie, sex) were analyzed using chi-square. A probability value < 0.05 was considered statistically significant.
Subjects and Methods

Participants
MRI Acquisition, Preprocessing, and Analysis
All participants underwent whole brain structural MRI with a 3T Phillips (Best, the Netherlands) scanner using a standard 8-channel head coil. T1-weighted sequences were acquired with the following parameters: matrix = 256 × 256, 200 slices, 1mm 2 in-plane resolution, slice thickness = 1mm, echo time = 2.6 milliseconds, repetition time = 5.8 milliseconds, flip angle = 8 .
Three-dimensional T1-weighted sequences were analyzed with voxel-based morphometry (VBM) 54, 55 using the FMRIB Software Library (FSL) package, version 5.0.9 (http://fsl.fmrib. ox.ac.uk/fsl/fslwiki/FSLVBM). 56 Brain extraction of all scans was conducted using the BET algorithm in FSL. 57 Brain-extracted images were then segmented into gray matter, white matter, and cerebrospinal fluid using FMRIB's Automatic Segmentation Tool. 58 The gray matter partial volumes were aligned to the Montreal Neurological Institute standard space (MNI152) using a nonlinear registration approach via FNIRT 59,60 with a b-spline representation of the registration warp field. 61 The resulting gray matter images were then concatenated into a study-specific gray matter template with nonlinear (nonaffine) registration. Each voxel of each registered gray matter image was divided by the Jacobian of the warp field. These images were then smoothed by a Gaussian kernel of 3mm.
A whole brain VBM analysis between patients and controls was carried out to determine the patterns of atrophy specific to each FTD phenotype. The mean intensity value across patients and syndromes was extracted from the significant clusters of cerebral atrophy. Then, a mask of the cerebellum was created based on the Cerebellar Atlas in MNI152 space after normalization with FNIRT. The cerebellum mask was used in all subsequent analyses.
Between-group comparisons of cerebellar gray matter integrity were then performed with a voxelwise general linear model (GLM). Permutation-based nonparametric testing 62 with 5000 permutations was applied using the voxelwise method. First, pairwise t test comparisons were performed to investigate the patterns of gray matter intensity between groups. An inclusive masking analysis was then performed to identify the overlapping regions among the contrasts between patient groups and controls. Next, an F test was conducted to assess the differences in patterns of cerebellar gray matter intensity across patient groups (bvFTD, SD, and PNFA) and controls. Binary masks of significant clusters were then created for mean intensity extraction. The differences in mean intensity of peak voxels was examined via ANOVA followed by Sidak post hoc tests. We then correlated the intensity of cerebellar gray matter with cognitive performance across the main cognitive domains. Covariate cluster analyses were performed across participant groups, as well as for each patient group combined with controls, to identify disease-specific associations. The composite scores of each cognitive domain were entered as a covariate in the design matrix of the VBM analysis. In addition, subject-level mean intensity values from the significant clusters of cerebral atrophy identified on the group-level whole brain VBM were included as a covariate in the model. This approach was followed to account for the potential contributions of cerebral atrophy in the correlations between gray matter integrity in the cerebellum and cognitive performance. For statistical power, we computed 1 GLM for each covariate. For all analyses above, significance was set at p < 0.001, uncorrected for multiple comparisons. Results are reported with a cluster extent threshold of 100 contiguous voxels.
Imaging results were overlaid on surface-based cerebellar flatmaps using the SUIT toolbox 37 based on MATLAB, version R2017a (au.mathworks.com/products/matlab.html) and SPM12 (www.fil.ion.ucl.ac.uk/spm).
Results
Demographic Characteristics
No significant group differences were present for age, sex, or education (all p > 0.05; Table 1 ). Disease duration, however, significantly differed across the patient groups (F 2, 92 = 5.6, p = 0.005), with SD having a longer disease duration than bvFTD (p = 0.007) and PNFA (p = 0.03). Patient groups showed worse general cognition on the ACE than healthy controls (F 3, 127 = 46.8, p < 0.001), with SD scoring significantly worse than bvFTD (p = 0.002) and PNFA (p < 0.001), reflecting the high semantic load of the task. Significant differences in disease severity/functioning emerged on the FRS across disease groups (F 2, 88 = 37.4, p < 0.001), with bvFTD more impaired than the SD (p < 0.001) and PNFA groups (p < 0.001).
Neuropsychological Performance
Compared with controls, patient groups showed typical patterns of performance on testing (Table 2) . Briefly, the bvFTD group was impaired on all measures except Language-Motor. In contrast, the SD group was impaired on Attention & Processing Speed, Working Memory, Language-Semantics, and Emotion Processing. Finally, the PNFA group showed impaired performance on Attention & Processing Speed, Working Memory, LanguageMotor, and Executive Function.
Comparisons across the patient groups revealed additional differences (see Table 2 ). bvFTD performed worse than SD and PNFA on Visuospatial Function, and worse than PNFA on Episodic Memory and Emotion Processing. The SD group performed worse than both the bvFTD and PNFA groups on Language-Semantics. Finally, the PNFA group was worse than the SD group on Attention & Processing Speed and worse than both the bvFTD and SD groups on Language-Motor. Raw scores for each cognitive test in each group are reported in the Supplementary Table. VBM Results Patterns of Whole Brain Atrophy. Analyses revealed the canonical patterns of atrophy specific to each FTD subtype. In brief, widespread intensity reduction was present bilaterally, involving predominantly the frontal and temporal lobes in bvFTD. In SD, a left > right anterior temporal lobe atrophy was observed. Finally, PNFA showed a left > right intensity decrease affecting the inferior frontoinsular region predominantly. In addition, reduced cerebellar gray matter intensity was observed bilaterally in all 3 FTD subtypes.
Patterns of Cerebellar Atrophy. Comparisons against controls were carried out for each clinical group separately. In bvFTD, widespread reduction in cerebellar gray matter intensity was found bilaterally involving most lobules (except lobules X and XI) as well as the vermis (Fig 1, Table 3 ). In SD, focal changes were present bilaterally in lobules VI, Crus I, and Crus II, whereas in PNFA, significant intensity decrease was observed in Crus I, Crus II, and lobule VIIb bilaterally, as well as in right lobule VI. An inclusive masking analysis revealed that Crus I, Crus II, and lobule VI bilaterally were overlapping regions showing significant decrease in gray matter intensity across groups (see Fig 1) . Direct comparisons between patient groups (see Fig  1, Table 3 ) revealed greater reduction in gray matter intensity in right Crus I, Crus II, and lobules VIIb, VIIIa, and VIIIb in bvFTD compared with SD. No significant clusters were found in the reverse contrast. Compared with PNFA, bvFTD also showed greater intensity reduction in right lobules I to VI, Crus I, and Crus II. No significant clusters were observed in the reverse contrast. No significant differences of gray matter intensity were found in the contrasts between SD and PNFA in either direction.
Finally, we carried out an overall analysis with all patients combined, which revealed widespread reductions of cerebellar gray matter intensity bilaterally. Analysis of the mean intensity of peak voxels showed gray matter intensity significantly differing across groups (F 3, 127 = 17.3, p < 0.001), characterized by a greater reduction in patient groups than in the controls (all p < 0.05), and in the bvFTD group compared with SD (p = 0.001; Fig 2, Table 4 ). 
Clusters were thresholded at p < 0.001 (uncorrected for multiple comparisons), with a cluster extent threshold of 100 contiguous voxels. bvFTD = behavioral-variant frontotemporal dementia; MNI = Montreal Neurological Institute; PNFA = progressive nonfluent aphasia; SD = semantic dementia. 
Neural
Correlates of Neuropsychological Performance. Associations between cerebellar gray matter intensity and cognitive composite scores were first examined combining all participants with cerebral atrophy as a covariate to identify cerebellar regions associated with cognition common to all clinical syndromes. Significant correlations were found between Working Memory and right cerebellar lobule VI, Crus I, and Crus II (Fig 3, Table 5 ). In a second step, we repeated these analyses for each clinical group and controls combined separately, to identify associations between cerebellar regions and cognition specific to each clinical syndrome (see Fig 3, Table 5 ). In bvFTD, significant correlations were found for Attention & Processing Speed (right Crus I/lobule VI) and Working Memory (right Crus I/lobules V-VI, Crus II, and vermis). In contrast, significant associations between cerebellar integrity and discrete cognitive domains were found for Visuospatial Function (right Crus I/lobule VI) in SD and LanguageMotor (right Crus I/lobule VI) in PNFA.
Discussion
This study identified for the first time distinct changes in cerebellar gray matter integrity in the 3 FTD subtypes and their specific relations to cognition. Common regions of cerebellar atrophy were observed across all patient groups and involved lobule VI, Crus I, and Crus II, bilaterally. Our analyses further demonstrated that cerebellar integrity is specifically associated with cognitive performance in these syndromes, with different profiles emerging according to the localization of the cerebellar changes. We discuss these findings in detail below.
Cerebellar Gray Matter Loss in FTD
We found widespread bilateral reduction in cerebellar gray matter integrity across all FTD subtypes. Changes are particularly pronounced in bvFTD and contrast with the comparatively focal reductions observed in SD and PNFA. These findings demonstrate that cerebellar changes are syndrome-specific, albeit with some common regions affected, rather than arising from global brain neurodegeneration in these disorders. The location and severity of these changes are more pronounced and widespread than those previously reported, 38 probably reflecting the different methodologies and sample sizes between studies. These syndrome-specific profiles may in part reflect the disruption of cerebellar-cerebral connections. Closedloop pathways have been identified linking the cerebellum and the cortical regions such as the frontal and temporal lobes, [63] [64] [65] [66] the primary site of pathology in FTD. 23, 39 The syndrome-specific cerebellar changes may be mediated by structural damage to unique corticopontocerebellar tracks, which raises intriguing questions regarding the causes of cerebellar changes observed in these syndromes. In addition, our investigations uncovered bilateral cerebellar changes in all syndromes, but with a right > left asymmetric involvement in SD and PNFA. This asymmetry likely reflects the cross-hemispheric cerebrocerebellar connections 67 and is consistent with left asymmetric cortical atrophy in SD and PNFA. 23, 68 Further research is warranted to clarify the structural connectivity between the Cluster were thresholded at p < 0.001 (uncorrected for multiple comparisons), with a cluster extent threshold of 100 contiguous voxels. bvFTD = behavioral-variant frontotemporal dementia; MNI = Montreal Neurological Institute; PNFA = progressive nonfluent aphasia; SD = semantic dementia. cerebellum and cortical regions, and the role of cerebellar white matter and connectivity changes in the brainbehavior relationship in FTD subtypes.
Role of the Cerebellum in FTD Symptomatology
Cerebellar contributions to cognitive deficits in FTD have remained notably underexplored to date. 13 Our findings reveal significant associations between cerebellar intensity decrease and cognitive performance in FTD subtypes. More specifically, right lobule VI and crus-regions described as the "cognitive cerebellum"-were most commonly implicated, corroborating findings in healthy populations, 12, 69, 70 in bvFTD, 8 and in AD. [71] [72] [73] These regions are involved in frontoparietal and default mode networks, 74 suggesting a fundamental role of the cerebellum in cognitive function. Regions associated with cognition were primarily located posteriorly, which supports the hypothesis of an anterior motor/sensorimotor versus posterior cognitive/emotional dichotomy in the human cerebellum. 75 Importantly, patterns of the associations between cerebellar integrity and cognitive deficits were, however, distinct across FTD subtypes, providing further support for a functional specialization of the cerebellum. Associations were most prominent in bvFTD. Only one prior study has explored cerebellar contributions to cognitive performance in bvFTD, with results broadly in line with our findings, although their sample comprised patients who met diagnostic criteria for both bvFTD and ALS. 8 In SD and PNFA, associations between changes in cerebellum and cognition were circumscribed and predominantly confined to right lobule VI and Crus I. It is plausible that the correlations between cerebellar gray matter intensity and cognitive performance could be mediated, or even accounted for, by pathological changes in the cerebral cortex, these in turn impacting on corticocerebellar loops. Importantly, however, reduced cerebellar integrity and the related associations were still present after covarying for cerebral atrophy. This finding supports the view that cerebellar gray matter degeneration and the correlations with cognitive deficits are not solely driven by structural cerebral damage and suggests independent cerebellar contributions to cognitive dysfunctions in FTD subtypes.
Limitations and Future Investigations
Research on the cognitive role of the cerebellum in FTD is still in its infancy, and many questions remain unanswered. First, longitudinal changes in cerebellar integrity and their relations to cognition with disease progression in FTD have not been studied. Existing studies in sporadic AD suggest a posterior-to-anterior trajectory with disease progression. 75 Whether a similar pattern of progression is present in FTD is unknown, given the different pathological processes across these dementias and their associated cerebral Clusters were thresholded at p < 0.001 (uncorrected for multiple comparisons), with a cluster extent threshold of 100 contiguous voxels. bvFTD = behavioral-variant frontotemporal dementia; MNI = Montreal Neurological Institute; PNFA = progressive nonfluent aphasia; SD = semantic dementia.
involvement. Nevertheless, a progressive expansion of the location and severity of changes would be anticipated, similar to those seen in the cerebral cortex. The timeframe for this progressive cerebellar pathological expansion is also unclear. On average, disease duration is longer in language variants of FTD (SD and PNFA) than in bvFTD. 76, 77 Whether this also reflects different speed of cerebellar disease progression in these syndromes, as is the case for functional disease severity progression, 53 remains to be established. Second, as indicated above, few studies have investigated neuropathological changes in the cerebellum in FTD, with the exception of cases with the C9orf72 gene expansion. [78] [79] [80] Neuropathological investigations of sporadic cases with no family history of FTD will be necessary to identify the causes underlying the changes observed on neuroimaging. Finally, in addition to cognition, the cerebellum also appears to contribute to other changes in behavior, such as insight, empathy, and eating patterns in FTD, but we were unable to investigate these here.
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A recent study demonstrated that cerebellar atrophy in FTD shared intrinsic functional connectivity with atrophied regions in the cerebral cortex. 38 An integrated approach that combines volumetric, structural (Diffusion Tensor Imaging), and functional (resting state functional MRI) connectivity will be the next logical step to establish an integrated view of the extent and severity of cerebellar changes in these younger onset dementias and their contribution to symptomatology.
In conclusion, these findings clarify the location and severity of cerebellar changes, and their relationship to cognitive dysfunction, in the main FTD syndromes. Our findings offer novel insights into the distinct cerebellar contributions to cognitive dysfunctions in FTD subtypes, providing convergent evidence of an independent and crucial role of the cerebellum in cognitive processing. Identifying cerebellar white matter changes, cerebrocerebellar and intracerebellar network dysfunction, longitudinal cerebellar changes, and the underlying cerebellar neuropathology in this population will be important future directions to address.
